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We have investigated direct and inverse Edelstein effects in a one-atom-layer Tl-Pb compound
with a large Rashba-type spin splitting. In spin pumping experiments at room temperature, spin-
to-charge conversion voltage due to the inverse Edelstein effect is clearly observed in Py/Cu/Tl-Pb
trilayer samples. To confirm efficient spin-charge interconversion in Tl-Pb compounds, the direct
Edelstein effect is also studied in the same trilayer samples by measuring modulation of the effective
magnetization damping in the Py layer via the charge-to-spin conversion in the Tl-Pb layer. Using
both the results of direct and inverse Edelstein effects, the Edelstein length is estimated to be ∼ 0.1
nm for Tl-Pb compounds.
Two-dimensional electronic states have recently at-
tracted much attention in the spintronics field [1]. Space-
inversion asymmetry leads to spin splitting of two-
dimensional electronic states due to the Rashba-type
spin-orbit interaction [2–4]. The spin split bands are
characterized by Fermi contours with helical locking of
spin with momentum. The helical spin texture accompa-
nies nonzero spin accumulation along an inplane direc-
tion transverse to the direction of applied electric cur-
rents, which is known as an Edelstein effect [5]. As a
spin-to-charge conversion effect in the two-dimensional
systems, an inverse effect of the Edelstein effect, the
inverse Edelstein effect [6], has been studied by using
the spin pumping technique on the surface of topologi-
cal insulators [7–13] and the interface of bilayer materials
[6, 14–16]. Since the Edelstein effects on two-dimensional
Rashba states have potentially better efficiencies of spin-
charge interconversion than the inverse spin Hall effect
observed in conventional heavy metals [17, 18], material
search for the efficient Edelstein effects could be impor-
tant for future spintronics applications.
Atomic-layer metal films on Si (silicon) substrates have
been intensively studied in the field of surface science for
more than 50 years [19]. Because of the surface recon-
struction on Si, surface superstructures can possess con-
ducting surface states, which are inherently two dimen-
sional and decoupled from the bulk. Although conduc-
tivity of ultrathin films is usually suppressed by reducing
the film thickness, monolayers of In- and Pb-induced sur-
face superstructures on Si (111) have good conductivity
and even show superconductivity at low temperatures (1-
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3 K) [20–28].
Recently, it was reported that alloying one monolayer
of Tl with one-third monolayer of Pb results in a one-
atom-layer Tl-Pb compound on Si (111) that exhibits
both two-dimensional superconductivity (2.25 K) and
Rashba-type spin splitting [29]. Angle-resolved photo-
electron spectroscopy showed that the magnitude of the
Rashba-type spin splitting reaches ∼250 meV [29], which
is even larger than that in one-third monolayer of Bi
on Ag surface alloys (∼200 meV) [30]. Although giant
Rashba-type spin splitting has been also observed in Bi
[31–33] and Tl [34–38] monolayers on Si (111) surfaces,
these systems are non-metallic, not suitable for spintron-
ics applications. Hence, the Tl-Pb compounds on Si are
rare atomic-layer materials promising for spin-charge in-
terconversion due to the Edelstein effects.
In this manuscript, we report spin-charge interconver-
sion effects in Tl-Pb compounds. By spin pumping from
a ferromagnetic permalloy (Py) layer to the Tl-Pb layer,
large Lorentz-type voltage peaks were observed at fer-
romagnetic resonance (FMR) of Py, while small anti-
symmetric voltage signals due to ferromagnetic transport
was observed only in a control sample without the Tl-Pb
compound. The dominant Lorentz-type voltage signal in-
duced by spin pumping into the Tl-Pb layer strongly indi-
cates that the inverse Edelstein effect emerges on the Tl-
Pb compound. Furthermore, to evaluate the efficiency of
the Edelstein effects in the Tl-Pb compound reliably, we
also measured the magnetization-damping modulation of
the Py layer induced by spin transfer torque originating
from the Edelstein effect on the Tl-Pb layer. From the
experimental results of the Edelstein effect and the in-
verse Edelstein effect, the Edelstein length [6], which is a
measure of the spin-charge conversion efficiency, was esti-
mated to be ∼ 0.1 nm for Tl-Pb; this magnitude is com-
parable to that reported in Py/topological-insulator sam-
ples, e.g. Py/Bi2Se3 [8] and Py/Cu/Sn-Bi2Te2Se [11].
Atomic-layer Tl-Pb compounds were prepared by a
molecular beam epitaxy method, following the process
2FIG. 1: (Color online.) (a) Atomic structure of the Tl-Pb
compound grown on a Si(111) substrate. Tl and Pb atoms
are shown by blue and red circles, respectively. Si atoms are
also shown by yellow and gray circles. The
√
3×√3 unit cell
is outlined by a red frame. (b) In situ RHEED patterns dur-
ing the growth process of a Tl-Pb compound. (c) Schematic
illustration of the inverse Edelstein effect (IEE) induced by
spin pumping into the Tl-Pb layer. (d) Schematic illustra-
tion of modulation of the effective damping constant via spin
transfer through the Edelstein effect (EE) in the Tl-Pb layer.
established by some of the present authors [29]. Pristine
Tl/Si(111) - (1× 1) reconstruction was made by deposit-
ing one-monolayer Tl onto a Si(111) - (7 × 7) surface
at ∼ 300 ◦C. Then, one-third monolayer of Pb was de-
posited onto the Tl/Si(111) surface at room temperature.
The surface reconstruction was confirmed by monitoring
reflection high-energy electron diffraction (RHEED) pat-
terns during the growth process, as shown in Fig. 1(b).
The RHEED pattern of the Tl-Pb compound differs from
that of the parent Tl monolayer, and
√
3×√3 periodicity
appears. On top of the Tl-Pb compounds prepared on
the Si substrates, a 60-nm-thick Cu capping layer was de-
posited with an in situ electron-beam evaporator. Since
the spin diffusion length of Cu (∼ 500 nm [39, 40]) is
much longer than the thickness of the Cu layer, the loss
of spin current in the Cu layer is negligible. The Cu/Tl-
Pb bilayers were transferred to another vacuum chamber,
and then a 20-nm-thick Py (Ni81Fe19) film was deposited
onto them using electron beam evaporation to study the
Edelstein effects in Py/Cu/Tl-Pb trilayer samples.
First, we investigated the inverse Edelstein effect in-
duced by spin pumping into the Tl-Pb layer. The ex-
periments were performed at room temperature using an
electron spin resonance (ESR) spectrometer [41], as illus-
trated in Fig. 1(c). Py/Cu/Tl-Pb trilayer samples were
placed in the center of the ESR cavity and a 9.4 GHz
microwave was applied to the samples. When an exter-
FIG. 2: (Color online.) (a) FMR derivative absorption spec-
tra (dI/dH) for Py/Cu/Tl-Pb and Py/Cu films. (b) Voltage
spectra for Py/Cu/Tl-Pb and Py/Cu films. (c) Voltage spec-
tra for Py/Cu/Tl-Pb at various input-microwave power (P )
levels and different magnetic-field directions (0 deg. and 180
deg.). The insets show the P dependence of the voltage peak
magnitudes at 0 deg. and 180 deg.
nal magnetic field applied along the film plane [x axis
in Fig. 1(c)] satisfies the FMR condition, the injection
of spin currents into the Tl-Pb layer takes place via the
spin pumping. DC voltages arising on the Tl-Pb layer
along the y axis in Fig. 1(c) around the FMR magnetic
fields were measured using a nanovoltmeter. The length
between the voltage electrodes is 2 mm, and the sample
width is 1 mm.
Figure 2(a) shows an FMR derivative absorption spec-
trum, dI/dH , for Py/Cu/Tl-Pb and Py/Cu samples.
FMR of the Py layer is observed for both the samples at
the magnetic field of ∼ 105 mT. The FMR linewidth is
clearly enhanced for the Py/Cu/Tl-Pb trilayer compared
to the Py/Cu bilayer which does not include the Tl-Pb
layer: peak-to-peak linewidth ∆Hp−p = 7.86 mT for the
Py/Cu/Tl-Pb trilayer and ∆Hp−p = 4.88 mT for the
Py/Cu bilayer. The enhancement of the FMR linewidth
can be ascribed to the spin pumping; the transfer of spin
currents from Py to the Tl-Pb layer effectively increases
the damping of the Py magnetization precession.
Voltage spectra measured for Py/Cu/Tl-Pb and
Py/Cu samples at around FMR magnetic fields are
shown in Fig. 2(b). Here, the input microwave power
is set at 1 mW. For the Py/Cu/Tl-Pb trilayer, a positive
voltage peak with the magnitude of ∼ 45 nV is clearly
observed at around the FMR magnetic-field, while no
voltage peak is discerned for the Py/Cu bilayer. The
line shape of the small voltage signal observed in the
Py/Cu bilayer is similar to that of voltage induced by
the anomalous Hall effect in the Py layer [41]. At FMR,
the Py magnetization precession generates spin currents.
The resulting spin accumulation on the Tl-Pb layer is
converted to a charge current by the inverse Edelstein
effect. The Lorentz-type voltage peak observed in the
3FIG. 3: (Color online.) (a) Schematic illustration of lock-in
detection of the damping modulation, and predicted signal
shapes of the experimental results. I denotes the FMR ab-
sorption intensity. (b) The modulation signal of the FMR
spectrum as a function of an external magnetic field for
Py/Cu/Tl-Pb and Py/Cu. (c) The modulation signal at
various electric-current (JC) magnitudes and at different
magnetic-field directions (0 deg. and 180 deg.). The insets
show the |JC | dependence of the modulation signals at 0 deg.
and 180 deg.
Py/Cu/Tl-Pb trilayer is consistent with the inverse Edel-
stein effect [6–16].
When the direction of the magnetic field is reversed
from the +x (0 deg.) to −x (180 deg.) direction, the volt-
age peaks in the Py/Cu/Tl-Pb sample change their sign
as expected for the inverse Edelstein effect, as shown in
Fig. 2(c). The magnitudes of the voltage peaks increase
monotonically, as the input microwave power increases.
As shown in the inset to Fig. 2(c), the microwave-power
dependence is linear, which indicates that the observed
spin pumping signals are in the linear regime.
The spin pumping signals in Fig. 2 allow us to es-
timate the Edelstein length [6], which is a measure of
the conversion efficiency of the effect. From the FMR
line widths shown in Fig. 2(a), the spin current injected
into the Tl-Pb layer is estimated to be 1592 A/m2 using
an established formula for spin pumping [41, 42]. Us-
ing the voltage magnitude shown in Fig. 2(b) and the
sample resistance (100 Ω), the generated charge current
is estimated to be 2.25 × 10−7 A/m. Hence, the Edel-
stein length λEE is obtained as the ratio of the charge
to spin current: 0.14 nm. This magnitude is compara-
ble to the reported λEE values for topological insulator
Bi2Se3 (0.21 nm) [8] and Sn-Bi2Te2Se (0.27 nm) [11], but
15 times smaller than that for α-Sn (2.1 nm) [10].
To confirm the efficient spin-charge interconversion in
the Tl-Pb compound, we next performed an experiment
of the Edelstein effect in the same Py/Cu/Tl-Pb trilayer
sample, as shown in Fig. 3. The experimental setup
for the detection of the Edelstein effect is illustrated in
Fig. 1(d). When an electric current JC is applied to the
Tl-Pb layer along the y axis, Tl-Pb exhibits the Edel-
stein effect, and thus the charge current is converted to
spin accumulation in the Tl-Pb layer. The accumulated
spin angular momentum is immediately transferred to
the Py layer via a spin current propagating through the
Cu layer along the z axis. The magnetization-precession
relaxation of the Py layer is modulated by the injected
spin current, which can be detected as the modulation of
the damping constant (line width) in the FMR spectra.
Several experiments of the damping modulation by
spin transfer torque have been reported using the spin
Hall effect in Py/Pt systems [43, 44]. In these exper-
iments, DC charge currents were applied to Pt layers,
which may cause additional damping modulation due to
heating effects [43]. To rule out extrinsic effects due
to the heating effect, a lock-in detection is used in the
present experiment, as shown in Fig. 3(a). When the di-
rection of JC is reversed between +y and −y directions,
the sign of the damping modulation induced by the Edel-
stein effect is reversed, whereas the heating effect does
not change sign. Lock-in detection of the FMR spectra
with the frequency of JC enables precise estimation of
the damping modulation due to the Edelstein effect.
Figure 3(b) shows modulation of FMR absorption in-
tensity (I) by the JC directions, I(+JC)− I(−JC), mea-
sured for the Py/Cu/Tl-Pb trilayer and the Py/Cu bi-
layer in the ESR cavity. Signals are observed around the
FMR magnetic field of the Py layer for both the samples,
but clearly, the observed signal shapes are different be-
tween Py/Cu/Tl-Pb and Py/Cu. For the Py/Cu bilayer,
the signal shape is dispersion-type, and its magnitude is
small relative to the Py/Cu/Tl-Pb case. The dispersion-
type signal may be explained by an alternate Oersted
field caused by AC charge currents. In contrast, for the
Py/Cu/Tl-Pb trilayer, the signal shape is a peak, similar
to the predicted signal shape for the Edelstein effect [Fig.
3(a)].
The modulation signal is further studied by changing
the Jc magnitudes and the magnetic-field directions [0
deg. (+x direction) and 180 deg. (−x direction)] in Fig.
3(c). As |JC | increases from 5 mA to 20 mA, the mag-
nitudes of the peak signals monotonically increase. As
shown in the insets to Fig. 3(c), the |JC | dependence
is linear, which rules out the heating-induced extrinsic
effects [43]. Furthermore, when the direction of the mag-
netic field is reversed from the +x to −x direction, the
peak signals keep their magnitude but change their sign.
The results are consistent with the damping modulation
due to the Edelstein effect.
Let us quantitatively estimate the Edelstein length
from the modulation signal shown in Fig. 3. Following
the theoretical formulation developed for the damping
modulation due to the spin Hall effect [43], the change in
the effective damping constant induced by the Edelstein
4effect ∆αEE is given by
∆αEE =
γµ0~
AFλEEωMe
JC . (1)
Here, γ is the gyromagnetic ratio, AF (= 2 × 10−11 m2)
is the cross-sectional area of the Py layer, ω is the an-
gular frequency of the microwave (9.4 GHz), M(= 0.745
T [41]) is the Py magnetization, and the other symbols
(µ0, ~, and e) have their usual meanings. The full width
at half maximum of the modulation signal ∆H in Fig.
3 corresponds to the difference in the damping modula-
tion between +JC and −JC conditions: (2ω/γ)2∆αEE.
Hence, using ∆H ∼ 20 mT at |JC | = 10 mA in Fig.
3(b), we obtain λEE = 0.11 nm from eq. (1). The simi-
lar λEE value to that obtained by the inverse Edelstein
effect (0.14 nm) supports the efficient Edelstein effects in
the Tl-Pb compound.
In summary, we studied spin-charge interconversion ef-
fects in Tl-Pb one-atom-layer material at room temper-
ature. Two-dimensional Tl-Pb compounds which consist
of one monolayer of Tl and one-third monolayer of Pb
were grown on Si (111) substrates by a molecular beam
epitaxy method. By spin pumping from ferromagnetic
permalloy films into the Tl-Pb compounds, clear spin-
charge conversion voltage is observed, which can be as-
cribed to the inverse Edelstein effect due to the strong
Rashba-type spin-orbit interaction of the Tl-Pb layer.
The measurement of the inverse effect of spin pumping,
i.e. damping modulation by applied electric currents,
confirms the high efficiency of the Edelstein effects in the
Tl-Pb compounds. From the results of the direct and in-
verse Edelstein effects in the Py|Cu|Tl-Pb trilayers, the
Edelstein length is estimated to be 0.11-0.14 nm, which
is comparable to that reported in the surfaces of topo-
logical insulators. The efficient Edelstein effects on Si
substrates could be compatible with the semiconductor
technology.
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